Abstract Iatrogenic spinal cord injury is the most feared complication of scoliosis surgery.
Abstract Iatrogenic spinal cord injury is the most feared complication of scoliosis surgery. The importance of combined somatosensory evoked potentials (SEP) and motor evoked potentials (MEP) monitoring during spine surgery is well known. The current authors retrospectively evaluated the results of neurophysiological intraoperative monitoring (IOM) in a large population of patients who underwent surgical treatment for spinal deformity. Intraoperative monitoring of SEPs and transcranial electrical stimulation MEPs (TES-MEP) was performed in 172 successive patients who underwent surgical treatment of idiopathic (128 pts), congenital (15 pts) or syndromic (29 pts) scoliosis. The first 106 patients (Group 1) underwent only SEP monitoring, while the other 66 patients (Group 2) underwent combined SEP and TES-MEP monitoring, when the technique was introduced in the current authors' institution. Halogenate anaesthesia (Sevoflurane, MAC 0.6-1.2) was performed in Group 1 cases, total intravenous anaesthesia (Propofol infusion, 6-10 mg/kg/h) in Group 2 patients. A neurophysiological ''alert'' was defined as a reduction in amplitude (unilateral or bilateral) of at least 50% for SEPs and of 65% for TES-MEPs compared with baseline. In Group 1, two patients (1.9%) developed postoperative neurologic deficits following surgical correction of spinal deformity, consisting of permanent paraparesis in one case and transient paraparesis secondary to spinal cord ischaemia in the other. Twelve patients presented intraoperative significant changes of neurophysiological parameters that improved following corrective actions by surgeons and anaesthesiologists, and did not show any postoperative neurologic deficits. In ten cases the alert was apparently unrelated to surgical manoeuvres or to pharmacological interventions and no postoperative neurologic deficits were noted. Considering the patients of Group 2, two patients (3.0%) presented transient postoperative neurologic deficits preceded by significant intraoperative changes in SEPs and TES-MEPs. In five cases a transient reduction in the amplitudes of SEPs (1 patient) and/or TES-MEPs (5 patients) was recorded intraoperatively with no postoperative neurologic deficits. In conclusion, in the current series of 172 patients the overall prevalence of postoperative neurologic deficit was 2.3% (4 patients). When combined SEP and TES-MEP monitoring was performed, the sensitivity and specificity of IOM for sensory-motor impairment was 100 and 98%, respectively. Combined SEP and TES-MEP monitoring must be regarded as the neurophysiological standard for intraoperative detection of emerging spinal cord injury during corrective spinal deformity surgery. Early detection affords the surgical team an opportunity to perform rapid intervention to prevent injury progression or possibly to reverse impending neurologic sequelae.
Introduction
Iatrogenic spinal cord injury is the most feared complication of scoliosis surgery. The incidence of neurological complications for spinal deformity surgery has been estimated by the Scoliosis Research Society as 1%, except when a combined approach is used, where the rate increases to 1.87% [1] . Possible factors associated with higher risk of neurological complications of scoliosis surgery are represented by congenital scoliosis, scoliosis combined with hyperkyphosis, severity of the curve (Cobb angle over 90°), combined approach surgery, revision surgery and decreased spinal cord perfusion due to hypotension and/or significant haemorrhage. Procedures associated with higher risk include vertebral osteotomies and kyphosis correction [1, 2] . There exists an urgent need for a method to warn the spine surgeon of impending neurological deficits during surgery. Until the advent of neurophysiological IOM, the only other available method of observing spinal cord function was the Stagnara wake-up test [3] : this requires intraoperative reversal of general anaesthesia to permit the observation of voluntary lower-extremity movement. The technique permits assessment of the gross integrity of spinal cord motor tract function but it presents many limitations. The exact moment of neurologic injury remains obscure, and other possible complications exist including accidental extubation, air embolism or fractures of vertebral arches. Occasionally it may be dangerous to wake up patients with certain primary diseases intraoperatively [4] . Some patients may not be able to cooperate with the wake-up test because of age, language barriers or mental status.
Since 1970s the introduction of SEP for monitoring scoliosis surgery has significantly reduced the rate of intraoperative spinal cord injury [5] [6] [7] . In 1992 a Scoliosis Research Society study concluded that the use of intraoperative spinal cord neurophysiological monitoring during operative procedures including instrumentation should be considered ''a viable alternative as well as an adjunct to the use of the wake-up test during spinal surgery'' [8] . Nevertheless, it is well known that the use of SEPs alone may be ineffective in detecting a motor tract deficit [9, 10] . As a result, various methods for monitoring the motor tract of the spinal cord have been developed. The most commonly used stimulation technique is transcranial electric stimulation (TES) of the primary motor cortex by corkscrew electrodes placed in the scalp, to produce myogenic motor evoked potentials (TES-MEPs). The recordings are made from subcutaneous or intramuscular needle electrodes placed in multiple muscles in the arms and legs [11] . The combination of SEPs and TES-MEPs provides global monitoring coverage of spinal cord function.
The current authors retrospectively evaluated the results of IOM performed with SEPs alone or combined SEPs and TES-MEPs in a large population of consecutive patients who underwent surgical treatment for spinal deformity. The aim of the study was to report the authors' experience with the use of IOM in spinal deformity surgery at their institution. The clinical diagnosis of the patients is summarized in Table 1A and B. 163 patients underwent posterior fusion with instrumentation surgery, using pedicle screw only construct. Another seven patients underwent anterior spinal fusion by thoracotomy. A combined anterior and posterior approach was performed in two cases. The day before surgery all patients were informed about the IOM procedure, and a clinical and neurophysiological evaluation was performed.
Materials and methods
Two groups of patients were considered: Group 1 included the first 106 patients who underwent only SEP monitoring under halogenate anaesthesia (sevoflurane); in Group 2 there were 66 successive patients who underwent combined SEP and TES-MEP monitoring under TIVA.
Anaesthetics
In all the procedures, anaesthesia was induced with propofol (dose range 1.5-2 mg/kg) or thiopentone (4-5 mg/kg).
In patients of Group 1, anaesthesia was maintained with sevoflurane (MAC 0.6-1.2) supplemented with nitrous oxide (mean 50.0 ± 5.0%). During the 66 procedures of Group 2 cases, anaesthesia was maintained with a propofol infusion (mean 7 mg/kg/h, range 6-10). Analgesia was provided by intravenous fentanyl (range 1-2 c/kg/h) or by remifentanil infusion (mean 0.25 c/kg/min, range 0.2-0.35).
A single bolus of non-depolarizing muscle relaxant (vecuronium or atracurium) was given at induction to facilitate tracheal intubation and ventilation; no muscle relaxants were administered after intubation.
Invasive blood pressure, ECG, end-tidal carbon dioxide concentration, pulse oximetry and body temperature were monitored. Mean blood pressures and blood loss were 69.7 ± 13.5 mmHg, 1,875 ml (range 1,000 ± 2,500) and 66 ± 8.6 mmHg, 1,762 ml (range 800 ± 2,750) in the propofol and sevoflurane groups, respectively. Patients were warmed actively throughout the procedure. The mean temperature was 35.4 ± 0.8°C in the propofol group and 35.7 ± 0.6°C in the sevoflurane group.
Somatosensory evoked potentials (SEP)
Both cortical and peripheral SEPs were elicited by a 200-lsec square-wave electrical pulse presented, in turn, to the posterior tibial and median nerves at a rate of 2.91 Hz. Stimulation intensity was adjusted individually and ranged from 20 to 40 mA. Cortical potentials were recorded from subdermal needle electrodes affixed to Cz 0 referenced to Fpz and to C3 0 referenced to C4 0 (International 10-20 System) for the lower limb SEPs, and to C3 0 and C4 0 referenced to the contralateral mastoid for the upper limb SEPs. Peripheral responses were recorded similarly with electrodes placed at the popliteal fossa and at Erb's point for the lower and the upper limb, respectively. Filtering was 30-1,500 Hz, with a 50 or 100 ms analysis time; averaging was stopped manually at such times as potentials were clearly reproducible and ranged from 100 to 200 repetitions.
Transcranial electrical stimulation motor evoked potentials TES-MEPs were elicited by delivering a brief (50-lsec), high-intensity (up to 200 mA) anodal pulse train (5-7 pulses with a 4-msec interstimulus interval) between two pairs of corkscrew electrodes inserted subcutaneously over motor cortex regions C1-C2 and C3-C4 (International 10-20 System). The stimulation parameter values (i.e. the number of pulses and intensity) were optimized to elicit the maximum baseline amplitude possible for that particular patient. To avoid oropharyngeal airway bite or tongue bites, a bite block was used.
These myogenic responses were recorded bilaterally from the abductor pollicis brevis muscle in the upper extremities and bilaterally from, at a minimum, the tibialis anterior and abductor hallucis muscles in the lower extremities. Other sites included the iliopsoas, adductor magnus, quadriceps and gastrocnemius muscles, depending on the complexity of the curve and the incorporation and levels of pedicle screw fixation. The filter bandpass was 40-5,000 Hz and the time base was 100 ms.
All stimulation and recording of SEPs and TES-MEPs were performed using a commercially available neurophysiological monitoring workstation (Protektor, Xltek Ò ).
Definition of significant change and intervention A neurophysiological change was defined significant (i.e. an ''alert'') when it consisted of a persistent unilateral or bilateral reduction in amplitude C50% for SEPs and C65% for TES-MEPs compared with baseline. Response latency shift was not considered an alert suggestive of emerging spinal cord injury, unless it was associated with a notable reduction in amplitudes.
A critical neurophysiologic alert triggered a sequence of interventional steps based on a predetermined algorithm [12] . If the neurophysiological change was time-related to a specific surgical manoeuvre, the precipitating manoeuvre was promptly reversed. Regardless of whether the change was related to a particular surgical action, the anaesthesiologist was always directed to raise the mean arterial blood pressure to at least 90 mm Hg to promote better spinal cord perfusion. If, after temporary cessation of the surgery and institution of hemodynamic management, the response amplitude failed to show signs of recovery over the course of 10 min, corrective forces were reversed. If the amplitude still did not improve, even after reversal of correction and implant removal, cessation of the procedure was considered. A Stagnara wake-up test was performed when required by the surgeon.
The reliability of IOM in the two groups included sensitivity (i.e. whether early cord changes can be detected by waveform changes) and specificity (i.e. whether the detected changes are associated with cord compromise and can be distinguished from other less important changes).
Results
None of the patients had epileptic seizures during or after the operation. No burn marks occurred at stimulation sites.
Group 1-SEP monitoring under inhalational anaesthesia
Two patients (1.9%) developed postoperative neurologic deficits following surgical correction manoeuvres of spinal deformity (Table 2A) .
One patient (No. 1) with severe scoliosis (Cobb angle 120°) combined with kyphosis and pre-existing mild sensory-motor axonal neuropathy and lower limb hypopallesthesia developed a persistent postoperative paraparesis. The complete loss of lower limb cortical SEPs was recorded during the instrumentation positioning and deformity correction (true positive).
One patient (No. 4) with idiopathic scoliosis (Cobb angle 82°) presented transient reduction of upper and lower limb cortical SEPs related to hypotension during the pedicle screws positioning. Cortical SEPs recovered partially following haemodynamic management of blood pressure parameters and the procedure was concluded. The patient awoke with paraparesis due to anterior spinal cord ischaemia. The motor deficits recovered completely in 3 months after implant removal. The transient change in SEPs did not match with the extent of postoperative damage, so it was defined a false negative result.
In 92 patients the intraoperative evoked responses did not show any significant changes and there were no postoperative neurologic sequelae (true negative).
The other 12 patients presented intraoperative significant changes of neurophysiological parameters that justify corrective actions by surgeons and anaesthesiologists, but did not show any postoperative neurologic deficits. Among these, two patients (No. 2, 3) presented a marked reduction in the amplitude of the lower limb cortical SEPs attributed to surgical manoeuvres during the correction of severe kyphosis. The reduction in corrective forces was followed by the complete recovery of the evoked responses and both patients did not show any postoperative deficit (true positive).
In ten cases (No. 5-14) the significant intraoperative reduction in the amplitudes of lower limb cortical SEPs was apparently unrelated to surgical manoeuvres or to pharmacological interventions and no postoperative neurologic deficits were noted (false positive). The neuromonitoring alerts occurred during the implant of the instrumentation in five patients and during correction of spinal deformity in two, but temporary cessation of the surgery, hemodynamic and pharmacological management, implant removal or reversal of correction were not followed by a significant improvement in the amplitude of cortical responses. The wake-up test never showed any motor deficits but it was followed by the recovery of cortical SEPs in all patients. (Fig. 1) . The repositioning of the right arm was followed by the recovery of motor response from the right ABP muscle. Also peripheral and cortical right median nerve SEPs reemerged, but at reduced amplitudes relative to pre-positioning baselines. No more neurophysiological changes were recorded up to the end of the operation.
The patient presented transient postoperative weakness of the right upper limb due to brachial plexopathy and recovered completely in 4 weeks.
In 59 patients the intraoperative evoked responses did not show any significant changes and there were no postoperative neurologic sequelae (true negative).
In five cases a transient reduction in the amplitudes of somatosensory (2 patients) and/or motor (5 patients) evoked potentials was recorded intraoperatively with no postoperative neurologic deficits. The alert was related to hypotension in two cases and to surgical manoeuvres in two cases (true positive). One patient (No. 7) with preoperative pathologic motor responses due to myelopathy showed a complete loss of MEPs during intervention with no neurologic sequelae (false positive). In conclusion, in the current series the overall prevalence of postoperative neurologic deficits was 2.9% (4/172). Motor impairment resolved completely within 5 months after surgery in three cases. One patient developed persistent paraparesis due to excessive corrective forces.
When only SEPs were recorded (Group 1) the sensitivity and specificity of IOM for spinal cord function were 75 and 90%, respectively, due to the high rate of false positives and the presence of one false negative result. On the contrary, when combined SEP and TES-MEP monitoring was performed (Group 2), the sensitivity and specificity of IOM for sensory-motor impairment rose to 100 and 98%, respectively. In Group 2 the sensitivity and specificity of each IOM technique were 67 and 100% for SEP and 100 and 98% for TES-MEP.
Discussion
Neurologic deficit is one of the most severe risks of scoliosis surgical treatment and its incidence varies among different studies. Timely detection of impending spinal cord damage is paramount. The first consensus meeting on intraoperative monitoring during spine surgery in Verona in 2006 [10] recommended the use of IOM in all spinal surgical procedures bearing a potential risk of damaging neural structures. In particular, the consensus group agreed that IOM can be recommended for corrections of spinal deformities with scoliosis greater than 45°and corrections of congenital spinal anomalies.
The current authors report the outcome of a large and heterogeneous population of adolescent and adult patients who underwent surgery for spinal deformity: the study presents some limitations, such as being retrospective and non-randomized. On the other hand it presented data of a large, consecutive population of patients operated on by four surgeons in a single institution, under IOM performed by the same neurophysiologist.
Three out of 172 patients showed postoperative neurologic complications involving the spinal cord, consisting of persistent paraparesis in one patient and transient paraparesis in two. All three patients had a severe scoliosis (Cobb angle 82-120°) combined with kyphosis and one patient had pre-existing neurological deficits consisting of mild sensory-motor axonal neuropathy and lower limb hypopallesthesia. Moreover, another four patients showed a significant drop in the amplitude of lower limb cortical evoked responses during the correction of severe kyphosis. The reduction in corrective forces avoided postoperative neurologic sequelae. The results of the present study are coherent with those of the literature [13] , which indicates a higher risk of a neurological complication for patients with congenital scoliosis, scoliosis combined with hyperkyphosis, severe scoliosis with Cobb angle over 90°and with a pre-existing neurological deficit.
During spine surgery, neurologic complications may arise as the result of mechanical and/or vascular etiologies.
Neurophysiological monitoring of the dorsal column function using SEPs has been used for over 20 years in spine surgery. Intraoperative decreases in amplitude over 50% from baseline are uniformly considered signs of dysfunction of the sensory pathways and potentially complete spinal cord compromise. Nevertheless, false negative intraoperative SEP changes with regard to postoperative motor impairment have been reported in several studies [14, 15] . In fact, mechanical injury, vascular injury or hypotensive anaesthesia can result in motor changes without concomitant sensory changes in neuromonitoring. The occurrence of transient SEP changes reverting to baseline before the end of surgery is also possible, correlating to postoperative neurologic deficits [16] . Many factors can affect the amplitude and latency of SEP waveforms during surgery [17] . Somatosensory evoked potential amplitude decreases with ischaemia and anoxia because of temporal dispersion of the afferent volley and conduction block in damaged axons. In conjunction with surgical manipulations, minor drops in blood pressure may result in substantial SEP changes that reverse when perfusion pressure is increased. Marked temperature-related drops in SEP amplitude may occur after exposure of the spine but before instrumentation and deformity correction, with an increase in false negative outcomes. Moreover, intraoperative neurophysiologic monitoring is affected by the choice and management of the anaesthetic regimen. Inhalational anaesthetic agents have been widely used in spine surgery during SEP intraoperative monitoring [18] [19] [20] [21] but they are known to have effects on neural synaptic and axonal function and cause a dramatic dosedependent depression of SEP and cMEP responses [22] .
From 2005 to 2007 SEP intraoperative monitoring was performed during spinal deformity surgery under halogenate anaesthesia (Group 1). The sensitivity and specificity of IOM for spinal cord function were 75 and 90%, respectively, due to the high rate of false positives (10/106 patients) and the presence of one false negative result. Two patients presented significant changes of lower limb SEPs during spine exposure, typically related to temperature drop and increased anaesthetic depth.
The other eight false positive results are related to amplitude reduction of cortical responses occurring during the implant of instrumentation and the correction of deformity. Spinal cord perfusion may be compromised even at normal systemic blood pressure when intraoperative mechanical stress is applied to neural tissue [23] . In the cases reviewed by the authors, the change in SEP amplitude may be the multifactorial result of either mechanical stress, hypotension or pharmacological overdose leading to subclinical spinal cord damage. All patients showed a marked improvement in cortical SEPs following a negative wake-up test. Awakening a patient requires prolonged cessation of the surgery and progressive reduction of the pharmacologic load with a consequent rise in blood pressure. The manoeuvre per se might improve spinal cord function. A false positive result is defined by a significant change in signal not related to any surgical event and resulting in no new postoperative neurologic change. However, in practice it may be difficult to verify whether an abnormal signal obtained intraoperatively is true positive or negative. It may be possible to record neurophysiological signals in the presence of nitrous oxide or inhalational agents, however, at the expense of smaller and more variable responses, thus adding interpretive ambiguity.
In 2007, the monitoring of the corticospinal tract by TES-MEP was introduced in the present authors' institution and a total intravenous anaesthesiologic regimen, with controlled rates of propofol and remifentanil was adopted. When combined SEP and TES-MEP monitoring was performed (Group 2), the sensitivity and specificity of IOM for sensorymotor impairment were 100 and 98%, respectively.
The use of TIVA raised the specificity of SEP monitoring to 100% due to the absence of false positive results. The sensitivity of the technique to detect impending spinal cord damage was still as low as 67% due to the occurrence of two false negative results. In group 2, 6/66 patients presented an intraoperative alarm related to spinal cord damage. The signal change consisted of bilateral loss of lower limb TES-MEPs in six patients and bilateral loss of lower limb cortical SEPs in three. In patients who presented a change in both somatosensory and motor responses, the reduction of motor amplitudes always preceded the SEP change. The only patient who developed postoperative motor deficit presented a loss of both somatosensory and motor responses during instrumentation positioning. Neither of the three patients who presented isolated change of TES-MEPs with no SEP changes developed postoperative deficits.
The differential sensitivities of TES-MEP potentials and SEP to evolving spinal cord injury may be related to differences in the neural pathways that mediate these responses and to the mechanism of spinal cord injury.
Spinal cord contusion causes a transient spinal cord conduction block, resulting in marked amplitude suppression (50-75%) of SEPs and/or TES-MEPs that typically resolves within 15-20 min. Reversal of these changes may be aided by increasing mean arterial blood pressure to improve spinal cord perfusion and by temporarily stopping further surgical manoeuvres [24] . Spinal cord sensory and motor pathways are physically separated from each other and have separate vascular supplies (i.e. anterior and posterior spinal arteries). It is possible that selective ischaemia of the anterior spinal cord region may manifest as a loss of motor-evoked potential amplitude in the absence of concurrent change in SEPs. Moreover, the vascular supply to the motor pathways is also less redundant than is the supply to the posterior sensory columns, adding to this vulnerability. Since most neurologic injuries during scoliosis surgery appear to be related to ischaemia, TES-MEPs are more likely to change under these conditions than SEPs. Prolonged hypotension can result in spinal cord vascular injury. TES-MEPs are particularly sensitive to blood pressure changes and can be used quite effectively to titrate the degree of hypotensive state that the spinal cord will withstand [25] .
These data should be interpreted as suggesting that SEP monitoring complements TES-MEP monitoring by being sensitive to injury limited to the posterior sensory columns. Consensual change of SEP and MEP responses may have a worsened prognostic significance in terms of possible postoperative clinical impairment.
The Stagnara wake-up test was the first widely used method for intraoperative spinal monitoring of spinal cord functionality during scoliosis surgery. The current study indicates the possibility of false negative results of wakeup test, when the consequence of spinal cord lesion is proximal lower limb hyposthenia with sparing of distal leg movements. On the other hand, the wake-up test remains mandatory when only SEPs are used for IOM purpose due to the possibility of isolated lesion of corticospinal tract in the presence of unmodified SEP responses.
Finally, complications related to patient positioning on the operating table may consist of severe motor deficit secondary to brachial plexopathy. Patients with skeletal dysplasia syndromes, neurofibromatosis, polyneuropathy should be regarded as particularly vulnerable to spinal cord and brachial plexus lesions due to head, neck or upper limb malpositioning [26] . The patient of the current series, affected by Neurofibromatosis type I, presented neurophysiological signs of brachial plexus damage immediately after positioning in a lateral decubitus. Sudden repositioning of the right arm prevented persistent lesion of the brachial plexus. A tangential benefit of IOM is the ability of SEPs and/or TES-MEPs to identify impending brachial plexopathy [27] .
Conclusion
Intraoperative monitoring of SEPs and MEPs is a reliable method to provide information regarding spinal cord and peripheral nerves integrity during spinal deformity surgery.
Correction of spinal deformity is in fact considered the most dangerous stage of scoliosis surgery. However, it is possible that minor drops in blood pressure in conjunction with surgical manipulation may lead to spinal cord damage at any stage of the operation. Lesions of motor pathways with sparing of dorsal column function due to selective ischaemia in the anterior spinal artery territory is possible. For this reason, a multimodal approach with SEPs and TES-MEPs under TIVA is mandatory to assess the maximum amount of information about spinal cord integrity, including both the descending motor and ascending sensory pathways and to minimize the rate of false positive and false negative results.
